The present study investigates the interfacial behavior of functionalized carbon nanotube-polyethylene nanocomposite at different temperatures using molecular dynamics simulations, utilizing the second-generation polymer consistent force field. The carboxylic acid group is used to functionalize the carbon nanotube. In order to calculate interfacial interaction energy and interfacial shear strength of the nanocomposite, various pull-out tests are performed at different temperatures in the range of 1-400 K. The effect of functionalization on the interfacial interaction energy, interfacial shear strength, and glass transition temperature of the nanocomposite are studied in comparison to pristine carbon nanotube-reinforced nanocomposite. Results reveal that for all temperatures and degrees of functionalization, the chirality (i.e. armchair and zigzag) of carbon nanotube has a significant effect on interfacial interaction energy and interfacial shear strength of the nanocomposite. It is also found that functionalizing the carbon nanotube in carbon nanotube-polyethylene nanocomposite enhances its interfacial shear strength at different temperatures. Furthermore, a sudden drop in the value of interfacial interaction energy and interfacial shear strength of the pristine as well as functionalized carbon nanotube-reinforced nanocomposite is observed at a temperature near to its glass transition temperature.
Introduction
Since the discovery of light-weight carbon nanotubes (CNTs) in 1991 by Iijima, 1 there has been the huge interest of researchers from different fields of science and engineering throughout the world in CNTs because of their extraordinary physical and mechanical properties. For instance, Young's modulus, 2-5 thermal [5] [6] [7] and electrical conductivities 8 of CNTs are found in the ranges of 1-5 TPa, 2000-6000 W/mK, and 200,000 S/ cm, respectively. These tubes are formed by rolling a single/multiple graphene sheet(s), a honeycomb lattice of carbon atoms, into single-walled carbon nanotubes (SWNTs) and multi-walled carbon nanotubes (MWNTs), a nested form of SWNTs. On the basis of different chiral angles (i.e. u), these are normally classified as zigzag (u = 0°), armchair (u = 30°), and chiral (0°\ u \ 30°) 9 types. Furthermore, numerous experimental studies have also shown remarkable improvement in elastic properties of the nanocomposite with the addition of small weight percent of CNTs.
polymer matrix, [18] [19] [20] and hence, need to be addressed. One of the ways to overcome the effects of agglomeration of CNTs and also to achieve an effective and improved load transfer, in high thermal environments as well, between CNT and polymer matrix is to chemically functionalize the surfaces of CNTs using various approaches, such as covalent and non-covalent functionalization. 21, 22 The use of functionalized CNTs in place of pristine ones has also shown experimentally to affect the thermal and thermo-mechanical properties of the resulting nanocomposites. 23, 24 Due to limitations of time, cost, and difficulty in conducting experiments at nanoscale, it is well known that molecular dynamics (MD) simulation is reckoned to be an effective tool in replacing physical experiments to investigate and evaluate the properties of the nanocomposites, especially the atomic scale information such as the interfacial behavior of the nanocomposites. Being a very crucial parameter in controlling the material performance of the nanocomposite, the interfacial characteristics of the CNT-nanocomposites have been studied extensively using MD simulations. Liao and Li 25 performed first time a pull-out test using MD simulation on CNT-polystyrene nanocomposite system and found the interfacial shear strength (ISS) of the material system (about 160 MPa) to be significantly higher than the conventional carbon fiber-reinforced polymer composite systems. Haghighatpanah and Bolton 26 found, through pull-out tests, the ISS and interfacial bonding energy of carbon nanotubepolyethylene (CNT-PE) nanocomposite to be 141 MPa and 0.14 N/m, respectively. Zheng et al. 27 studied the influence of chirality on the interfacial bonding and shear stress between CNT and polymethyl methacrylate (PMMA) polymer and found that CNTs with larger chiral angles have higher interfacial interaction energy. Peng and Meguid 28 conducted MD simulations to study the influence of defects and functionalization of CNT on the ISS of CNT-reinforced epoxy matrix and found that (1) vacancy defects reduce, (2) Stone-Wales defects increase, and (3) phenyl functional groups significantly increase the ISS of the material system. Based on the pull-out simulations conducting on CNT-PE nanocomposite, Li et al. 29 observed the pull-out force, a measure of interfacial characteristics, to be independent of the nanotube length, but dependent on the nanotube diameter.
Numerous computational studies [30] [31] [32] [33] [34] [35] based on MD simulations have also shown that polymer matrix reinforced with functionalized CNTs enhances the mechanical properties of the resulting nanocomposite. Odegard et al. 32 studied the effects of a chemical linking between covalent functionalized CNT and PE matrix on the bulk elastic properties of the composite system and reported decrease (up to 11%) in Young's and shear moduli of the random composites and the longitudinal Young's moduli of the aligned composites caused by the functionalization nanotube. Yuan et al. 33 developed a periodic MD model to investigate the mechanical properties of the interface between a functionalized SWNT and matrix. They proposed a criterion to characterize the interface for its interfacial strength and also demonstrated that higher functionalization (up to 2%) of CNT results in higher load transferability of the interface. Sharma et al. 34 investigated the elastic properties of functionalized CNT-polymer matrix composite and found that functionalization of CNT reduces Young's modulus of the nanocomposite, as compared to non-functionalized CNT, but increases the load transfer efficiency. Very lately, Singh and Kumar 35 investigated the temperature effect of the elastic properties of CNT-polymer nanocomposite and its interface and found that elastic properties of the nanocomposite and its interface decrease with increase in temperature.
It is well known that high thermal conductivity of CNTs 6, 7 significantly changes the thermal properties of the CNT-polymer composite systems, and these properties, along with other properties, such as elastic moduli, 36 ISS 37,38 of nanocomposite, are greatly influenced by the high-temperature environment. This change in the properties is further amplified if the temperature involved is higher than the glass transition temperature of CNT-polymer composite which in turn may be influenced by various parameters, such as the degree of polymerization 39 and functionalization of CNT. 40, 41 There are several studies reporting about the temperature effects on the load transfer potential and thermo-mechanical response of CNT-polymer nanocomposite. For instance, Zhang and Wang 37 introduced an analytical method to study the thermal impact on the ISS of the single-/multi-walled CNT-polymer composites and showed through various numerical examples that the ISS transfer behavior is affected by the temperature, volume fraction of CNT, and numbers of layers of wall and the outermost radius of CNT. Wei et al. 39 investigated the thermal expansion and diffusion coefficients of CNT-PE matrix using MD simulation and found that the addition of CNTs to the polymer matrix increases the glass transition temperature (T g ), the diffusion coefficient, and thermal expansion of the composite system. The effect of functionalization of CNTs on thermal and mechanical properties of CNT composites is studied by Velasco-Santos et al. 41 In the study, it was predicted that mechanical load transfer property, the storage modulus, tensile strength, and the glass transition temperature are improved by the use of functionalized CNTs. Li and Strachan 42 characterized the thermo-mechanical response of a thermoset polymer composed of epoxy EPON862 and curing agent DETDA, and it was found that mechanical response and glass transition temperature of the thermoset polymer depend on the degree of polymerization. As evident from the above literature study that several studies are present based on the interfacial characterization of the CNT-polymer nanocomposite, but relatively less attention is paid on the effect of temperature on the interfacial behavior of the functionalized CNT-polymer nanocomposite using MD simulation.
In the present study, the interfacial behavior of pristine and functionalized (with the carboxylic acid group) CNT-PE nanocomposites is investigated using MD simulations. Furthermore, to investigate the effect of temperature on the interfacial behavior of the nanocomposite, the temperature range (i.e. 1-400 K) is chosen in such a way that it contains the glass transition temperature of the nanocomposite. The atomistic modeling of CNT-PE nanocomposite for various studies is done using the Materials Studio 8.0, 43 and subsequently, all other MD simulations are performed using large-scale atomic/molecular massively parallel simulator (LAMMPS) 44 while the post-processing of the results is performed using VMD. 45 The second-generation polymer consistent force field (PCFF) is used for the atomistic modeling and MD simulation. To calculate interfacial interaction energy and ISS, various pull-out tests are performed by pulling the embedded CNT from the PE matrix with a constant velocity. The variation of interfacial interaction energy concerning the pull-out displacement of CNT is calculated at different temperatures, and subsequently, the ISS is evaluated. Furthermore, the effect of functionalization of CNT on the interfacial interaction energy, ISS, and glass transition temperature of the nanocomposite is discussed in comparison to the pristine CNT-reinforced nanocomposite.
Methodology

Atomistic modeling
For the structure simplicity and to reduce computational cost, pure polyethylene (PE) is selected as a polymer matrix in the present work. A single chain of PE molecule consisting of of 100 -CH2-unit monomers is taken. Both pristine and functionalized CNTs (chirality-armchair (5, 5) and zigzag (9, 0)) having the same diameter are selected as a reinforcing element to make the nanocomposite, as shown in Figure  1 . The carboxylic acid group is used to functionalize the CNT with 1%, 3%, and 5% functionalization obtained by randomly attaching 5, 13, and 22 molecules, respectively, of the carboxylic acid group on to the surface of CNT, as shown in Figure 1 
For building an atomistic model of CNT-PE nanocomposite, initially, a CNT is placed at the center of the unit cell, and PE chains are randomly packed around CNT to achieve a target density of 1.0 g/cc. Thereafter, the total potential energy of the nanocomposite is minimized using a conjugate gradient method with an energy convergence tolerance of 0.001 kcal/mol. The atomistic models of the pristine and functionalized CNT-PE nanocomposites are shown in Figure 2 (a) and (b), respectively. The second-generation PCFF 46 is used in the present study to represent bonded and non-bonded interactions, which are discussed in section ''Details of force field'' for ready reference. 
Details of force field
Although a quantum mechanics approach can predict bulk properties of an atomistic system with veracity, but it is computationally expensive even for small systems containing few hundreds of interacting particles. To predict the bulk properties of any system having a large number of particles, the position of the atomic nuclei is more critical rather than the electronic structure of the atoms. Another method to have a good insight into the behavior of a system is to approximate the potential (force field) reasonably and physically to generate a set of system configurations that are statistically consistent with quantum mechanics results. Therefore, the accuracy of any atomistic simulations of multi-particle systems depends upon the right choice of the force field. In the present study, the secondgeneration PCFF 46 is applied to delineate the bonded and non-bonded interactions of atoms in CNT-PE nanocomposite. Furthermore, the PCFF can effectively model both the bonded and the non-bonded interactions between the CNT and polymer matrix, as reported in the literature. 33, 47 The schematic representations of parameters of the second-generation PCFF for the bonded and non-bonded interactions are shown in Figure 3 . Based on bonded and non-bonded interactions of PCFF, the total potential energy (E pot ) of the system consists of different components of energies as given in the following equation
where the bonded interaction energy of the CNT-PE nanocomposite consists of E bond , E angle , and E dihedral . The covalent bond-bond interaction energy is given by
The angle interaction energy (E angle ) between the bonded atoms is given by
where
The dihedral interaction energy (E dihedral ) in between the bonded atoms is given by
For non-bonded interaction energy (E nonÀbonded ), only van der Waals (vdW) interaction potential (E vdW ) using the Lennard-Jones 9-6 inter-atomic potential with the potential cutoff radius (i.e. r cutoff ) of 10 Å is selected in the present work
where r ij is the bond distances between ith and jth atoms; u jkl is the angle between three bonded atoms; f n (n = 1, 2, 3) are the dihedral angles; C i , D i (i = 2, 3, 4),
, and G 0 are the fitted parameters of the PCFF.
46,48
The non-bonded vdW interactions between CNT-PE atoms are represented by equation (14) , wherein e and s represent the distance between two non-bonded atoms and the potential well depth, respectively, and r represents vdW separation distance between nonbonded atoms.
Equilibration procedure
After building an atomistic model of the unit cell, the equilibration and pull-out simulations are performed using the parallel MD code-LAMMPS, utilizing the PCFF force field, as discussed in section ''Details of force field''. The periodic boundary conditions are kept along the x-and y-directions, whereas the shrinkwrapped boundary conditions are applied in the zdirection (i.e. along with the axis of the CNT). Initially, the potential energy of the nanocomposite is minimized using the conjugate gradient method, and subsequently, the unit cell is compressed gradually (only in x-and ydirections) in eight steps from its initial dimensions of 63 Å 3 63 Å to target unit cell dimensions of 50 Å 3 50 Å for achieving the target density of the CNT-PE nanocomposite. At each step of the equilibration procedure, the atoms of CNT in CNT-PE nanocomposite are frozen, while the atoms of PE chains are remapped inside the target unit cell. Thereafter, the CNT-PE nanocomposite is annealed to a temperature of 600 K in 50 ps and subsequently, quenched to 1 K in 200 ps using the Nose-Hoover thermostat (NVT ensemble). Finally, Berendsen Barostat (NPT ensemble) is used to equilibrate the CNT-PE nanocomposite at a temperature of 1 K and a pressure of 1 atmosphere in xand y-directions for 100 ps, and the atoms of CNT are made free from any constraints so that the volume and potential energy of the CNT-PE nanocomposite get stable and relaxed. The final equilibrated density of the polymer matrix is relaxed around the value of 0.90 g/cc, which is lower than the experimental values within the range of 0.85-0.95 g/cc 49 due to the reason that atomistic model of PE chains is generally free from defects in MD simulation and also because of the non-periodic boundary conditions of the CNT-PE nanocomposite in z-direction. Similar steps of equilibration procedure are followed to generate the equilibrated structure of the nanocomposite for other quenched temperatures, that is, 100, 200, 300, and 400 K.
Simulation procedure for pull-out of CNT
After the equilibration of the CNT-PE nanocomposite, the pull-out of the embedded CNT from the PE matrix is performed to predict the ISS of the CNT-PE nanocomposite using the MD simulations. To avoid drifting of PE chains along CNT at a high temperature, PE chains are constrained in x-, y-, and z-directions, as shown in Figure 4(a) and (b) . Thereafter, the system is equilibrated using NVT ensemble at the desired pullout temperature for 30 ps to avoid the effect of constraint, and subsequently, the atoms of CNT are pulled with the velocity of 1 3 10 25 Å /fs, using the NVT and NVT ensemble, along the z-direction until the CNT is completely pulled from the PE matrix. To predict the interfacial properties of the CNT-PE nanocomposite, the interfacial interaction energy (E int ) between CNT and PE matrix is calculated after each step of pull-out displacement of CNT. The interfacial interaction energy between the CNT and PE matrix is governed by the non-bonded interaction (i.e. E vdW interaction energy only), and it is expressed as follows
The change in interfacial interaction energy between CNT and PE matrix after and prior to the pull-out of CNT from the PE matrix is considered as the pull-out work (W pullÀout ) as done by many researchers [26] [27] [28] 
Finally, W pullÀout is attributed to the shear force between CNT and the PE matrix, and the relationship between the ISS (t i ) and W pullÀout is expressed as follows
where E Total , E polymer , and E CNT are the potential energies of CNT-PE nanocomposite system, polymer matrix, and CNT, respectively. E
Initial int
and E final int are the initial (i.e. before pull-out of CNT) and final (i.e. after pull-out of CNT) values of the interaction energy between CNT and PE matrix, respectively. r and L are the radius and embedded length of the CNT in the PE matrix, respectively.
Validation study
A simulation box having dimension 50Å in each xand y-directions and containing an armchair (5, 5) CNT-reinforced PE nanocomposite is used in the present study. The schematics of pull-out of embedded CNT from PE matrix at various displacement positions are shown in Figure 5 (a), and the variation in Eint between CNT and PE matrix with the pull-out displacement of the CNT from PE matrix is shown in Figure  5 (b). The value obtained, based on interfacial interaction energy, of ISS for armchair CNT-PE nanocomposite at 300 K is 93.5 MPa, which is comparable with 106.7 MPa, calculated by Li et al. 29 for the same nanocomposite system.
Results and discussions
Glass transition temperature
In order to obtain the glass transition temperature of the nanocomposite, MD simulation renders an efficient approach, wherein the equilibrated structure of the nanocomposite was annealed to the temperature of 500 K using NVT ensemble for 100 ps, and subsequently, relaxed using NPT ensemble under the atmospheric pressure and periodic boundary conditions in all directions at 500 K for 100 ps. After that, the system is slowly quenched from 500 to 50 K using NPT ensemble with the cooling rate of 0.5 K/ps, and the variation of density with respect to temperature is monitored. The temperature corresponding to the change in the slope of the density-temperature plot, obtained using linear fits, marks the value of glass transition temperature and the associated error estimates are obtained from the density-temperature data using segmented regression (R 2 . 0.99), as shown in Figure 6 . It is observed from Figure 6 (a) and 6(b) that the effect of functionalization on the glass transition temperature of the nanocomposite is noticeable only for 5% functionalization. It can also be seen from Figure 6 (a) and (b) that glass transition temperature of 5% functionalized CNT-reinforced nanocomposite is approximately 40 K more than the pristine, 1% or 3% functionalized CNT- reinforced nanocomposite. This can be attributed to the reason that the numbers of carboxylic acid groups attached (i.e. 5 and 13 molecules) to functionalize the CNT with 1% and 3% functionalization are relatively less in comparison to 5% functionalization, having 22 molecules. This causes enhanced contact area between CNT and PE matrix in the case of 5% functionalization resulting in a higher value of the interaction energy, and hence, a better bonding between them. This increase in bonding between CNT and PE matrix causes hindrance in the mobility of polymer chains near to the interface, that in turn, yields a higher value of glass transition temperature of the resulting nanocomposite. This observation in the present study is in good concurrence with that reported by Nikkhah et al. 50 In addition, it has been shown in several research studies [51] [52] [53] [54] that the T g of long-chained PE falls in the range of 250-350 K, while Wei et al. 39 estimated the T g of short-and long-chained PE in the range of 150-300 K, and they also found that the reinforcement of CNT in PE matrix enhances the T g of the nanocomposite in comparison to the bulk polymer, which falls in the range of 170-370 K. Velasco-Santos et al. 41 also reported that reinforcement of 1 wt% of functionalized CNT in PE matrix exceptionally enhances (by 40°C) T g of the resulting nanocomposite. Very importantly, the computationally calculated values of T g are found to be on the higher side in comparison to experimental values, as reported by many researchers. 49, 52, 55 This is due to the fact that the cooling rate used in simulations is high in comparison to the experimental works. 
Interfacial behavior of pristine CNT-PE nanocomposite at different temperatures
In this section, the nanocomposites are modeled by reinforcing two types of CNTs -armchair with chirality vector (5, 5) and zigzag with chirality vector (9, 0), having nearly the same diameter-into PE matrix. The variations of interfacial interaction energy, E int , during pull-out of the embedded armchair and zigzag CNT from the PE matrix are plotted in Figure 7 (a) and (b) for different values of temperature. The successive pullouts of the embedded CNT from the PE matrix are shown in Figure 5(b) . It can be seen from Figure 7 (a) and (b) that irrespective of CNT type and temperature, the negative value of interfacial interaction energy of the nanocomposite decreases with the pull-out displacement of CNT and finally reduces to zero after complete pull-out of the CNT. The negative value of interaction energy shows the existence of an attractive interaction between CNT and PE matrix. Moreover, it can be seen from Tables 1 and 2 that the highest values of E int (i.e. -417.44 kcal/mol) and ISS (i.e. 108.8 MPa) are observed for armchair CNT nanocomposite than that for zigzag CNT nanocomposite, at 1 K. This is attributed to the fact that the chiral angle of CNT directly affects the interfacial interaction energy between the CNT and PE matrix, that is, higher chiral angle would cause higher interfacial interaction energy. The armchair CNT has a larger chiral angle of 30°than zigzag CNT having chiral angle 0°. This finding of higher interfacial interaction energy of the nanocomposite reinforced with larger chirality of CNT is in good agreement with the results reported by Zheng et al. 27 Moreover, it is also important to note from Table 2 that a significant drop in the value of ISS occurs when the temperature changes from 200 to 300 K. This is because of the fact that the glass transition temperature (i.e. 270 K) of the nanocomposite falls in this range at which a change of state from glassy to viscous takes place. Therefore, it can be concluded from the above discussion that the improved load transfer efficiency in a CNT nanocomposite is obtained when reinforced with armchair CNT and used in low-temperature environments.
Interfacial behavior of functionalized CNT-PE nanocomposite at different temperatures
In this section, the nanocomposite is obtained by reinforcing polymer with functionalized (with the carboxylic acid group) CNT, instead of pristine CNT as taken in previous section ''Interfacial behavior of pristine CNT-PE nanocomposite at different temperatures'', to study the effect of temperature on interfacial behavior of the nanocomposite. The variations of E int during pull-out of the functionalized CNT from the PE matrix are shown in Figures 8 and 9 for armchair and zigzag CNT-PE nanocomposites, respectively. The respective values of the ISS of nanocomposites are tabulated in Tables 3 and 4 for armchair and zigzag CNT-PE nanocomposites, respectively. The results in Figures 8 and 9 and Tables 3 and 4 are given for different percentages of functionalization and for different temperatures. It can be observed, respectively, from Figures 8 and 9 and Tables 3 and 4 that the E int and ISS of the nanocomposite are enhanced with the degree of functionalization, for all temperatures and for both types of CNT. This is attributed to the fact that the interfacial interaction energy between CNT and PE matrix is critically dependent on the surface area of the interface (i.e. between CNT and PE matrix). When carboxylic acid groups are directly bonded to carbon atoms of the CNT through the functionalization process, contact area between CNT and PE matrix increases substantially, which in turn increases the interfacial interaction energy, and subsequently, the ISS of the resulting nanocomposite. The finding of the higher interfacial interaction energy of the nanocomposite when functionalizing the CNT is found to be in good agreement with the results reported in the literature. 28, 56 Hence, functionalized CNT reinforcement in polymer matrix improves the load transfer efficiency of the nanocomposite more than the pristine CNT reinforcement. Furthermore, as observed in section ''Interfacial behavior of pristine CNT-PE nanocomposite at different temperatures'' for pristine CNT, in the case of functioned CNT as well, the armchair type CNT possesses higher values of E int and ISS than zigzag type. It is again to highlight in reference to Tables 3 and 4 that for 1% and 3% functionalization, a significant drop in the value of ISS occurs in the temperature range of 200-300 K, whereas this fall in ISS takes place in the range of 300-400 K for the nanocomposite having 5% functionalized CNT. These temperature ranges contain the glass transition temperature of the corresponding nanocomposite (i.e. approximately 270 K for 1% and 3% functionalization, almost same as for pristine CNT, and 311 K for 5% functionalization). Figure 8 . Variations of interfacial interaction energy at different temperatures with respect to pull-out displacement of (a) 1%, (b) 3%, and (c) 5% functionalized armchair CNT from PE matrix. 
Conclusion
In the present work, various MD studies are conducted to investigate the interfacial behavior of the pristine and functionalized CNT-reinforced nanocomposites using the second-generation PCFF force field at different temperatures. The interfacial interaction energy, ISS, and glass transition temperature of the nanocomposite are investigated at different temperatures. On the basis of results and discussions, the following conclusions are drawn:
Irrespective of temperature and degree of functionalization, a CNT-PE nanocomposite reinforced with armchair CNT yields higher interfacial interaction energy and ISS than reinforced with zigzag CNT. For all temperatures, an improvement in the load transfer efficiency, through the increase in ISS, of the CNT-PE nanocomposite can be achieved by functionalizing the CNT, and this enhancement is directly proportional to the degree of functionalization. Use of functionalized CNT in the nanocomposite also enhances its glass transition temperature that is only if functionalized with 5% of the carboxylic acid group. A sudden drop in the value of ISS of the pristine as well as functionalized CNT nanocomposite is observed in the temperature range containing the glass transition temperature of that nanocomposite.
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